The femoral lymph sac volumes and lymph mobilization capacity were compared in three anuran species that span a range of environments, dehydration tolerance, ability to maintain blood volume with dehydration, and degrees of development of skeletal muscles putatively involved in moving lymph vertically to the posterior lymph hearts. The femoral lymph sac volume determined by Evans blue injection and dilution in the femoral lymph sac varied interspecifically. The semiaquatic species, Lithobates catesbeianus, had the greatest apparent lymph volume expressed either as 18.7 mL kg body mass Ϫ1 or 94 mL kg thigh mass Ϫ1 , compared with both the terrestrial and aquatic species, Rhinella marina (7.3 mL kg body mass Ϫ1 and 57 mL kg thigh mass Ϫ1 ) and Xenopus laevis (6.5 mL kg body mass
ABSTRACT
The femoral lymph sac volumes and lymph mobilization capacity were compared in three anuran species that span a range of environments, dehydration tolerance, ability to maintain blood volume with dehydration, and degrees of development of skeletal muscles putatively involved in moving lymph vertically to the posterior lymph hearts. The femoral lymph sac volume determined by Evans blue injection and dilution in the femoral lymph sac varied interspecifically. The semiaquatic species, Lithobates catesbeianus, had the greatest apparent lymph volume expressed either as 18.7 mL kg body mass Ϫ1 or 94 mL kg thigh mass Ϫ1 , compared with both the terrestrial and aquatic species, Rhinella marina (7.3 mL kg body mass Ϫ1 and 57 mL kg thigh mass Ϫ1 ) and Xenopus laevis (6.5 mL kg body mass
Ϫ1
and 40 mL kg thigh mass Ϫ1 ), respectively. Injections of Evans blue into the subvertebral lymph sac, which communicates with both pairs of lymph hearts, yielded the highest rates of lymph return to the circulation in all three species. The most terrestrial species had a greater rate of lymphatic return from the subvertebral lymph sac, compared with the other two species. The rate of lymph flux from the femoral sac varied interspecifically and was correlated with the number and development of skeletal muscles involved in lymph movement. The results indicated that the three species differ in both the volume of lymph present and the capacity to return lymph. Lymph flux was correlated with habitat and the ability to maintain blood volume when challenged by dehydration or hemorrhage, whereas femoral lymph volume was not correlated with these factors.
Introduction
Anuran amphibians vary in their capacity to tolerate dehydration and are generally more tolerant of dehydration than any other vertebrate group (see Hillman et al. 2009 ). Variation in anuran dehydration tolerance correlates with their ability to maintain plasma volume when challenged by dehydration or hemorrhage (Hillman 1978b; Hillman et al. 1987; Hillman and Withers 1988) . Maintenance of plasma volume allows them to maintain cardiac output and aerobic metabolic capacity during dehydration (Hillman 1987 (Hillman , 1991 . Consequently, understanding how anurans regulate their plasma volume is central to answering questions regarding differential capacities to both maintain plasma volume and extend dehydration tolerance.
Anurans have high whole-body interstitial compliance and a high transvascular filtration coefficient (Hancock et al. 2000; Hillman et al. 2010a ). This high level of interstitial compliance appears to result from the large subcutaneous lymphatic sacs present in anurans. The high whole-body interstitial compliance is unique to anurans relative to all other vertebrates and leads to both high rates of plasma turnover and an inability to mobilize interstitial fluid via a Starling force-mediated transcapillary route (see Hillman et al. 2010a) . These characteristics make the regulation of plasma volume more difficult. Return of this filtered fluid (lymph) to the venous circulation to maintain plasma volume is achieved almost entirely via the lymphatic system (Zwemer and Foglia 1943; Baustian 1988; Baldwin et al. 1993; Hillman et al. 2009 ).
Selection for increased terrestriality is likely coupled to the enhanced capacity of the lymphatic system to compensate for hypovolemic stress and maintain aerobic capacity during dehydration (Hillman 1987 (Hillman , 1991 . Our hypothesis is that enhanced lymph mobilization is a primary adaptation for tolerance of dehydration, thus enhancing the ability of anuran amphibians to exploit terrestrial environments. Storing different volumes of lymph and/or differential abilities to mobilize and return lymphatic fluid could explain different abilities to maintain plasma volume and extend dehydration tolerance. Maintaining plasma volume during dehydration has two advantages for the circulatory system: maintenance of mean cir- Figure 1 . Composite summary of the pattern of plasma volume loss (percentage of original) with dehydrational water loss (percentage of body mass) extracted from the data presented in Hillman (1978b) and Hillman et al. (1987) . Rhinella marina maintains plasma volume significantly better than Lithobates catesbeianus and Xenopus laevis. culatory filling pressure (Hillman et al. 2010a ) and the prevention of an increase in hematocrit and its exponential effect on increasing blood viscosity (Weathers 1976; Hillman et al. 1985) .
The large subcutaneous lymphatic sacs of anurans represent a unique body plan relative to all other vertebrates. One potential selective advantage for the large subcutaneous lymphatic sacs of anurans is the ability to store lymph to replace plasma lost during dehydration. Lymph is essentially plasma, except that the protein concentration is only 60% that of plasma (Hillman et al. 1987; Baldwin et al. 1993) . One potential mechanism to stabilize plasma volume during dehydration is to store more lymph in the lymphatic sacs. There have been no direct estimates of lymph volumes in anurans, but in a two-species comparison Rhinella marina had plasma volumes, interstitial fluid volumes, and total extracellular fluid volumes greater than those of Lithobates catesbeianus (Hillman et al. 2010a ). Rhinella marina is more terrestrial, has a greater dehydration tolerance, and can compensate for hemorrhage more effectively than L. catesbeianus (Hillman et al. 1987; Hillman and Withers 1988; Fig. 1) . These data suggest that greater lymph volumes-a subset of interstitial fluid-may allow greater capacity to stabilize blood volume and extend dehydration tolerance.
A second mechanism to stabilize plasma volume besides greater lymph volumes is a greater capacity to mobilize lymph stored in the lymphatic sacs. This would be reflected by differential outputs of the lymph hearts and/or differential ability to supply lymph to the lymph hearts. There is evidence supporting differential lymph heart pumping, as the pressures generated by the lymph hearts of R. marina are greater than those generated by the hearts of L. catesbeianus (DeGrauw and Hillman 2004) . A differential ability to move lymph to the lymph hearts is probably reflected in the capacity of a species to effectively move lymph from gravitationally dependent lymph sacs vertically to the lymph hearts . Two different mechanisms appear to be involved in generating the pressures necessary to move lymph vertically in anurans: lung expiration and the contraction of specific skeletal muscles (Fig.  2) . Lung expiration and the contraction of lymph skeletal muscles can vary both the volume and the pressure of lymph sacs. Evidence for these mechanisms is provided from the correlation of skeletal muscle electromyographic activity and ventilatory events with pressure changes in various lymph sacs Drewes et al. 2007) . Recent experimental work has demonstrated that ablation of the tendons of the lymph muscles and interference with ventilatory modulation of the subvertebral lymph sac volume significantly compromise lymph flux rates in R. marina (Hillman et al. 2010b) . Interestingly, the presence and degree of development of the skeletal muscles involved in lymph movement vary interspecifically (Fig. 2) . Exploiting the consequences of this natural variation in lymph sac musculature provides an evolutionary model with which to investigate the functional significance of this morphological variation in skeletal musculature with respect to lymph flux rates.
The objective of this study was to correlate lymphatic fluxes from various lymph sacs of three species that vary in their habitat preference: Xenopus laevis (aquatic), L. catesbeianus (semiaquatic), and R. marina (semiterrestrial, xeric; Hillman et al. 2009 ). These species also vary in dehydration tolerance (Hillman et al. 2009 ), ability to maintain plasma volume with dehydration (with the ability of R. marina being greater than that of L. catesbeianus and the ability of L. catesbeianus being equal to that of X. laevis ; Hillman 1978; Hillman et al. 1987 ; Fig. 1 ), and the degree of development of the putative lymph pump skeletal muscles (with the development in R. marina being greater than that in L. catesbeianus and the development in L. catesbeianus being greater than that in X. laevis; Drewes et al. 2007; Fig. 2) . Although these species constitute a limited phylogenetic sample, the results will be suggestive as to any correlations of habitat and morphology with lymphatic flux capacity that could lead to broader phylogenetic comparisons.
Material and Methods
Experiments were conducted in air at 19Њ-22ЊC with adult Xenopus laevis (range p 64-154 g, mean p 119 g), Lithobates catesbeianus (range p 111-425 g, mean p 246 g), and Rhinella marina (range p 114-199 g, mean p 143 g), purchased from commercial suppliers. Much of the data for R. marina were taken from a previous study (Hillman et al. 2010b ). The X. laevis organisms were maintained submerged in water, and the other two species were maintained with continuous access to water at 20Њ-25ЊC. All maintenance and experiments were conducted with approval psu01.02.12.1 from the Portland State University Institutional Animal Care and Use Committee.
Muscle Morphology
The muscle configurations of R. marina and L. catebeianus shown in Figure 2 are simplified from Drewes et al. (2007), which were based on dissection and high-resolution images of preserved specimens (for R. marina, CAS-SU 16992, CAS-SU 17001, and CAS 12113; for L. catesbeianus, CAS 210381, CAS 218538, and CAS 175552). The muscle configurations of X. laevis reported here are based on CAS 55016, CAS 160666, and CAS 220110. Abbreviations follow Leviton et al. (1985) .
Anesthesia and Surgeries
Animals were anesthetized with a buffered (1% NaHCO 3 ) tricaine methane sulfonate solution (0.5%) until the corneal reflex was lost. A small incision (1 cm) was made along the ventral midline in both the skin and musculature to expose the ventral abdominal vein. A cannula of PE 90 Intramedic tubing (BD) filled with heparinized 0.8% saline was inserted in the vein, and the muscle and skin were sutured separately with 4-0 silk. The animals were given a day to recover, and all experiments were performed the following 2-3 d after surgery in an aerial environment at 20Њ-23ЊC on awake animals. Consequently, each individual participated in two or three different flux measurements.
Experimental Protocols
The general experimental design was based on the principle of . The procedure to determine femoral lymph sac
volume was to inject into the femoral lymph sac a known volume (V 1 ) and concentration (C 1 ) of Evans blue in a solution (0.8 mg mL Ϫ1 bovine serum albumin and 0.8% NaCl). The animal was then placed in the anesthetic solution, and lymph was sampled from the femoral sac within 10-15 min when anesthetized. From the relationship , the volume of
lymph (V 2 ) in the sac was determined by measuring its Evans blue concentration (C 2 ) by spectrophotometry at 512 nm. The procedure to determine lymph flux rates was essentially the same except the lymph was sampled from the pubic lymph sacs after anesthetization. The pubic sacs communicate directly with the posterior lymph hearts and the anterior lymph hearts via the subvertebral sac (Fig. 3) . The mean Evans blue concentration of pubic lymph (C 3 in this calculation) was used in the calculation . The rate of lymph flow was de-
termined by injecting a known quantity of Evans blue into a specific lymph sac, sampling venous blood (0.15 mL) from the implanted venous cannula over time (every 5 min for 25-30 min), and determining the Evans blue concentration of the plasma, which was separated from the cells by centrifugation. The linear regression of plasma Evans blue concentration with time was C 4 . V 4 was the plasma volume taken from previous measurements for L. catesbeianus and R. marina (41 and 61 mL kg
Ϫ1
, respectively; Hillman et al. 2010a ) and for X. laevis (60 mL kg Ϫ1 ; Hillman 1978a). V 3 was then the volume of lymph that entered the plasma from the lymph hearts per time or the clearance of Evans blue from the pubic lymph sac, where V 3 (mL min Ϫ1 ) p C 4 (mg mL Ϫ1 min Ϫ1 ) # V 4 (mL)/C 3 (mg mL Ϫ1 ). The standard protocol was to inject a volume of either 0.1% or 1% of body mass of stock Evans blue solution (either 5 or 0.5 mg mL Ϫ1 ) into a selected lymph sac (brachial, crural, fem- oral, or subvertebral). A schematic diagram of the position of the lymph sacs in relation to the anterior and posterior lymph hearts is presented in Figure 3 . We did not inject into the brachial sac of X. laevis because of the small size of their forelimbs. If the lymph sacs were bilateral (brachial, femoral, and crural), half of the total volume was injected into each sac. This allowed us to vary the injection volume yet keep the absolute quantity of Evans blue injected a constant. By varying the volume we were varying the initial pressure in specific lymph sacs in proportion to the compliance of the sac . Consequently, if volume influenced the lymph flux rates from a particular lymph sac, we would conclude that pressures resulting from lymph sac compliance and the volume of lymph contained within the sac were involved in moving lymph from that lymph sac. If lymph flux rates were independent of the volume injected, we would conclude that sources of pressure other than the compliance relationship were involved in moving the lymphatic fluid.
The mean Evans blue concentrations in pubic sacs were determined the day after the lymph flux measurements were completed for an individual animal. The dilution in the femoral lymph sacs was determined with an independent group of animals. A body mass-adjusted volume of Evans blue was injected into the femoral lymph sac, and the animal was then placed in the anesthetic solution. When anesthetized (about 15 min after anesthetic exposure), the animal was removed, and lymph was sampled by cutting an opening in either the femoral or pubic lymph sacs and sampling 100-200 mL of lymph in capillary tubes. This allowed the determination of the Evans blue lymph concentration at the midpoint of the 25-30-min sampling period for lymph flux measurements in both the pubic and the femoral lymph sacs. The lymph hearts were still functioning until this point and were frequently beating when fully anesthetized. Earlier experiments with R. marina demonstrated the same degree of dilution with injections into femoral or crural lymph sac collected from the pubic sac as with injections into the brachial sac collected from the subvertebral sac (Hillman et al. 2010b), indicating either equivalent dilution volumes or rapid equilibration in a common lymph pool communicating with the anterior and posterior lymph hearts.
Statistics
All calculations assumed an isometric relationship of the variable to body mass. For comparisons of two treatments, twotailed t-tests were used; for comparisons of three or more treatments, ANOVA was used. Significance was set at . P ! 0.05
Results
The three species differed significantly ( ) from one P ! 0.0001 another in the apparent femoral lymph volume that was present after Evans blue injection into and sampling from the femoral sac (Fig. 4) . The species rank order was as follows: the volume for Lithobates catesbeianus ( mL kg body mass Ϫ1 , 18.7 ‫ע‬ 1.8 ) was greater than that for Rhinella marina ( m L n p 9 7 . 3 ‫ע‬ 1.9 kg Ϫ1 , ), which was equal to that for Xenopus laevis n p 7 ( m Lk g Ϫ1 , ). When weighted for the proportion 6.5 ‫ע‬ 0.6 n p 8 of body mass that the femoral sac represents , the pattern remained the same: the volume for L. catesbeianus (94 mL kg segment mass
Ϫ1
) was greater than that for R. marina (57 mL kg Ϫ1 ), which was equal to that for X. laevis (40 mL kg Ϫ1 ). The volume of Evans blue injected into a lymph sac had no effect on the lymph flux rates from the subvertebral, femoral, and brachial lymph sacs. Consequently, combined Evans blue injection volume data were used for interspecies and intersac comparisons of the femoral, subvertebral, and brachial lymph sacs. There was a significant interspecies difference (P ! ; Fig. 5a ) in lymph flux rates after Evans blue injection 0.0001 , 0.14 ‫ע‬ 0.023 n p ). There were significant interspecies differences ( 14 P ! ; Fig. 5a , n p 16 0.09 ‫ע‬ 0.015 ; Fig. 5a ). n p 15
The rates of lymph flux varied between these three lymph sacs within each species. For R. marina, the flux rate in the subvertebral sax was greater than that in the femoral sac, and the flux rate in the femoral sac was greater than that in the brachial sac ( ; Fig. 5b ). The lymph flux rates in L. P ! 0.0001 catesbeianus followed a different pattern: the rate in the subvertebral sac was equal to that in the femoral sac, and the rates in both of these sacs were greater than the rate in the brachial sac (Fig. 5b) . The subvertebral lymph flux rates were significantly greater than the femoral rates for X. laevis ( ; P ! 0.001 Fig. 5b) .
The lymph flux rates after injection of Evans blue into the crural lymph sacs were sensitive to injected volume for both R. marina ( ) and L. catesbeianus ( , ; n p 16 n p 15 P ! 0.0001 Fig. 6 ). Crural lymph flux rates were interspecifically different, with the rates for R. marina being greater than those for L. catesbeianus ( ). Interestingly, there was no appear-P ! 0.0015 ance of Evans blue in the circulation 25 min after injections of 1% body mass into the crural lymph sacs of X. laevis ( ; Fig. 6 ). n p 6 Discussion Do species have different volumes of lymph, and does this explain differential capacities to stabilize blood volumes when hypovolemically challenged? Our results do not demonstrate a pattern of differential lymph volumes in the femoral lymph sac that correlates with species' ecomorphology. The aquatic (Xenopus laevis) and terrestrial (Rhinella marina) species had the lowest lymph volumes, whereas the semiaquatic species (Lithobates catesbeianus) had the greatest lymph volume (Fig.  4) . The femoral lymph sacs were chosen for lymph volume estimates because the femoral is generally the lymph sac of greatest compliance in the hind limb ) and is immediately upstream of the interfemoral sac, where physiological control becomes possible via skeletal muscle contraction ). Hence, the femoral sac is a presumptive "lymph storage sac." The femoral sac lymph volume present is equivalent to only about 10%-12% of the plasma volumes of both R. marina and X. laevis (Hillman 1978b; Hillman et al. 2010a ) but is 45% of the plasma volume of L. catesbeianus (Hillman et al. 2010a ). The 11 mL kg Ϫ1 difference in lymph volume noted between R. marina and L. catesbeianus is less than a previously demonstrated 20 mL kg Ϫ1 difference in interstitial volume for these species (Hillman et al. 2010a ), but it is important to recognize that the femoral lymph sac is only one of many lymph sacs present in anurans. Rhinella marina can maintain blood volume with a dehydrational loss of body water of 100 mL kg Ϫ1 , whereas X. laevis and L. catesbeianus are unable to maintain plasma volume with a dehydrational volume loss of 50 mL kg Ϫ1 ( Fig. 1; Hillman 1978b ; Hillman et al. 1987) . The lymph volume difference is inconsistent with-and in the opposite direction of-the volume necessary to maintain plasma volume between the species given a 20% loss of plasma volume (12 mL kg Ϫ1 ). The femoral lymph volume difference is also insufficient to account for the 20 mL kg Ϫ1 blood volume regulatory capacity between these species with hemorrhage, measured by peripheral resistance increases from control (Hillman and Withers 1988) . Consequently, different femoral lymph volumes do not account for the differential capacity to manage blood volume during dehydration and hemorrhage in these species. The larger lymph volume in L. catesbeianus than R. marina may also reflect an accumulation of lymph to generate a pressure sufficient to move lymph from the femoral to interfemoral lymph sac given the absence and lack of development of specific lymph muscles (see below). Lymph storage has been implicated as a mechanism to compensate for decreased blood volume in the chuckwalla, Sauromalus hispidus (Smits 1985 (Smits , 1986 . The volume of lymph stored in the lateral lymph sacs of the chuckwalla is approximately the same (10-20 mL kg Ϫ1 ) as the volume stored in the femoral lymph sacs of the semiaquatic L. catesbeianus (18.7 mL kg Ϫ1 ) and is greater than that of the terrestrial R. marina (7.3 mL kg
). Given that the femoral lymph sac is one of many lymph sacs, it appears that anurans generally can store more lymph than the extreme reptilian example.
Is there a differential functional capacity to move lymph from the femoral lymph sac to the posterior lymph hearts that cor-relates with the development and elaboration of the putative lymph pump skeletal muscles )? The three species used in these experiments represent extremes in the continuum of development of the putative skeletal muscles involved in the vertical movement of lymph from the hind limbs to the posterior lymph hearts (Fig. 2) . The semiterrestrial xeric cane toad, R. marina, has a well-developed sphincter ani cloacalis and piriformis. It also has an abdominal crenator that is large, with many branched insertional heads on the skin of the interfemoral lymph sac (Winokur and Hillyard 1992) . The gracilis minor also has multiple insertional heads that interdigitate with those of the abdominal crenator the skin of the interfemoral lymph sac (Winokur and Hillyard 1992) . The working hypothesis for these muscles is that the gracilis minor expands the interfemoral sac, moving lymph from the femoral sac into the interfemoral sac. This is coupled to contraction of the abdominal crenators, which compresses the interfemoral lymph sac, increasing the pressure and moving the lymph vertically into the pubic lymphatic sac. At the same time, contraction of the sphincter ani cloacalis and piriformis depress the urostyle and assist lymph movement to the posterior lymph hearts Fig. 2) .
Previous work has shown that these putative lymph muscles are critical for lymph movement in R. marina. Ablation of the tendons of the sphincter ani cloacalis, abdominal crenator, and piriformis significantly decreases lymph flux from the femoral sac into the circulation in R. marina (Hillman et al. 2010b ). The bullfrog, L. catesbeianus, lacks multiple insertional heads or any elaboration of the gracilis minor, which is attached to the skin of the interfemoral lymph sac only via single strands of connective tissue along its length. The bullfrog lacks the abdominal crenator and has a much smaller sphincter ani cloacalis than the cane toad. The piriformis is about as equally developed as in the cane toad (Fig. 2) . The aquatic African clawed frog, X. laevis, lacks an interfemoral lymph sac; has a large but unmodified gracilis minor, with no integumentary attachments to the interfemoral region; and lacks abdominal crenators. The piriformis is present but is very thin and narrow (no more than 1.5 mm along its length) and inserts on the distal cartilaginous region of the urostyle. The sphincter ani cloacalis is absent. Our hypothesis that differences in the development of these muscles and their integumentary attachments should reflect a differential functional capacity to move lymph from the femoral lymph sac to the posterior lymph hearts was confirmed by these results in R. marina. The presence and development of these muscles provide a physiological control point to change the volume of lymph being supplied to the lymph hearts. The concentrations of Evans blue in the interfemoral sac were significantly less than those in the femoral sac, indicating a control of lymph flux from the femoral sac to the interfemoral sac. This would allow femoral sac storage during periods of excess and mobilization of lymph reserves when water loss exceeds water uptake.
Is there a differential capacity of the paired anterior and posterior lymph hearts to pump lymph? The subvertebral lymph sac injection data suggest that there are interspecific differences in the pumping ability of lymph hearts. The subvertebral lymph sac communicates with both pairs of lymph hearts in a gravitationally neutral way. Consequently, even though lung volume-mediated pressure changes resulting from expiratory volume changes may contribute to vertical lymph movement Hillman et al. 2010b ), injections of Evans blue directly into the subvertebral lymph sac bypass any interspecies differences in lung volume-mediated and skeletal muscle-mediated effects. The semiterrestrial xeric species, R. marina, had greater rates of lymph flux than the aquatic or semiaquatic species, X. laevis and L. catesbeiana. The rate of lymph mobilization after subvertebral injection corresponds to 1.3% of the plasma volume min Ϫ1 for R. marina and only 0.6% and 0.3% of plasma volume min Ϫ1 for L. catebeianus and X. laevis, respectively. Lymph heart rates are approximately the same in R. marina and L. catesbeianus, whereas the pressures generated are greater in R. marina (DeGrauw and Hillman 2004) . Consequently, the subvertebral sac results indicate that there are interspecific differences in lymph heart stroke volume. Differences in preload or afterload in conjunction with inherent differences in lymph heart musculature could mediate these stroke volume differences.
The volume sensitivity of lymph return from the crural sacs supports a role for the interaction between lymph volume and lymph sac compliance as an additional source of pressure for moving lymph into the hind limbs of anurans. Both R. marina and L. catesbeianus have a pattern of hind limb lymph sac compliance in which compliance increases as one moves from the foot to the calf to the thigh . The proposed significance of this compartmentalization of the limb into segments of increasing compliance is that a distal-to-proximal pressure gradient will be established with the formation and accumulation of lymph in those sacs . The volume sensitivity of crural lymph flux in R. marina and L. catesbeianus support this compliance hypothesis. Interestingly, we could not detect the return of Evans blue injected into the crural sac of X. laevis. The crural lymph sac is more compliant than the femoral lymph sac for X. laevis , so the lack of crural lymph return is consistent with lymph movement in a proximal-to-distal direction, rather than the distal-to-proximal direction needed to reach the lymph hearts. At present, there is no anatomical (skeletal muscle) or physiological (compliance) mechanism to explain how lymph could move from the crural lymph sac to the femoral lymph sac of X. laevis in air. Alternative explanations in an aquatic environment might involve muscle movements during swimming and/or hydrostatic pressure compression of lymph sacs that could move lymph along the length of the hind limb.
Because the experiments on X. laevis were done with the animals in air rather than an aquatic environment, the applicability of the results to X. laevis needs to be addressed. It is possible that the lack of lymph return from the crural lymph sac was the result of stress on these animals. However, because X. laevis undertake overland migrations (Tinsley et al. 1996) , have resting heart rates in air comparable to other anurans (Hillman 1978a) , and can be maintained for long periods of time on moist substrates in air, it is unlikely that the animals in this study experienced unusual amounts of stress.
The results support our hypothesis that species from terrestrial environments have a greater capacity to mobilize lymph than aquatic species. The question remains whether this reflects selection for lymph musculature development or whether the absence of these muscles reflects their loss with a secondary reinvasion of aquatic and semiaquatic environments. The anuran body plan is unique among amphibians in the presence of the large subcutaneous lymph sacs that serve as lymph reservoirs, presumably to handle the dehydrational rigors of the terrestrial environment. Aquatic and semiaquatic species reflect a secondary reinvasion of this less hypovolemically challenging environment. Obviously, any decision as to whether the differential development of these muscles is the result of selection for more and more elaborate lymph pump muscles in terrestrial forms or the loss of this musculature in aquatic forms awaits a broader phylogenetic analysis of these muscles.
